The plant cell wall acts as a formidable barrier for pathogens. Plant pathogens secrete a 48 battery of cell wall degrading enzymes (CWDEs) to degrade different components of the 49 plant cell wall (Albersheim and Anderson-Prouty, 1975, Hématy et al., 2009 ). CWDEs act as 50 a double-edged sword for pathogens as on one hand the activity of these enzymes leads to 51 cell wall degradation, on the other hand, it releases cell wall degradation products that can 52 elicit plant immune responses (Jha et al., 2007) . Such host derived molecules that can elicit 53 immune responses are called damage associated molecular patterns (DAMPs). Some known 54 cell wall degradation products that act as DAMPs include pectin degradation products 55 oligogalacturonide (OG), hemicellulose degradation products such as xyloglucan oligomers, 56 and cellulose degradation products such as cellobiose and cellotriose (Gust et al., 2017, de 57 Azevedo Souza et al., 2017, Claverie et al., 2018) . These DAMPs are sensed by membrane-58 localised receptor-like kinases (RLKs) that activate the signaling cascade. Some known 59 receptors of the DAMPs are AtPEPR1/2 for plant elicitor peptides (Pep), AtDORN1 for as well as the ability to induce immune responses in rice, indicating that the enzymatic 94 activity of LipA is essential for the induction of immune response (Jha et al., 2007 , Aparna et 95 al., 2009 ). However, the process through which rice senses the cell wall damage caused by 96
LipA and further activates immune responses is not clear. 97
In this study, transcriptome analysis was initially performed to identify gene expression 98 changes that occur during LipA induced immune responses in rice. An enhanced transcript 99 level of a wall-associated kinase like gene, OsWAKL21.2 was observed after treatment of rice 100 leaves with either purified LipA or the pathogen, Xoo, but not after treatment with a LipA 101 mutant of Xoo. Sequence alignment and biochemical studies indicate that OsWAKL21.2 is a 102 dual function receptor kinase that has an in vitro kinase as well as a GC activity. 103
OsWAKL21.2 is a key component of signaling involved in LipA induced immunity as its 104 downregulation leads to attenuation of LipA induced immune response. Overexpression of 105
OsWAKL21.2 in rice and ectopic expression in Arabidopsis induces plant defence response 106 and confers enhanced tolerance to subsequent bacterial infection. However, we have 107 observed that the mode of action of the receptor is dissimilar in rice and Arabidopsis. Our 108 results suggest that OsWAKL21.2 requires its kinase activity to induce immune response in 109 rice, whereas, in Arabidopsis, it requires GC activity. 110
Results:
111 Expression of OsWAKL21.2 was enhanced after treatment of rice leaves either with 112
LipA or Xoo 113
In order to identify rice functions that are potentially involved in early stages of LipA 114 induced immune responses, we performed transcriptome analysis of rice leaves after 30 115 minutes and 2hr of infiltration with LipA. After 30 minutes, no gene was significantly altered 116 while 78 genes (74 unique set of genes) were differentially expressed (68up, 10 down) 117 (FC>1.5 fold) after 2hr of LipA treatment (Supplemental Fig. S1A , Supplemental Table S1) . 118
This includes genes that might have roles in signaling, defence responses or in 119 transcription/translation (Supplemental Fig. S1B ). When compared with a previous 120 microarray ( Ranjan et al., 2015) performed after 12hr of LipA treatment, we observed 38 of 121 these 78 genes are differentially expressed (37up, 1 down) at both time points ( Fig. 1A,  122 Supplemental Table S2 ). We compared with a publicly available microarray dataset that was 123 performed 24hr after treatment of rice leaves with various Xanthomonas oryzae strains (GEO 124 Acc. No. GSE36272) and observed that some of these 38 genes were commonly upregulated 125 following Xanthomonas treatment (Supplemental Table S3 ). The upregulation of six of these 126 commonly upregulated genes was validated by qRT-PCR after treatment of rice leaves with 127 either Xoo or LipA (Supplemental Fig. S1C ). Three of the 37 genes that were most 128 commonly upregulated after Xanthomonas treatments include a putative wall-associated 129 receptor kinase like gene (OsWAKL21, LOC_Os12g40419), a putative ubiquitin ligase 130 (OsPUB38, LOC_Os04g35680) and a putative fructose-bisphosphate aldolase 131 (LOC_Os08g02700) ( Supplemental Table S3 ). Since the focus of this work was on the 132 perception of cell wall damage in rice plants, we decided to explore the function of wall-133 associated receptor kinase OsWAKL21. 134 LipA treatment ( Fig. 2A,B ). Transient overexpression of OsWAKL21.2 in rice leaves also 148 enhances tolerance against subsequent Xoo infection leading to reduced lesion length caused 149 by Xoo which is also observed following treatment with LipA ( Fig genes. Therefore, we tested the expression of some key defence-related genes of rice after the 154 transient overexpression of OsWAKL21.2 in mid-veinal regions of rice leaves. OsWAKL21.2 155 overexpression in rice enhances expression of three pathogenesis-related genes (OsPR1a, 156
OsPR10/OsPBZ14 and OsPR10a/OsPBZ1), a somatic embryogenesis receptor kinase (OsSERK2) and a phenylalanine ammonia lyase (OsPAL3) ( Fig. 2D ). We also tested 158 expression of 10 genes that are upregulated following LipA/Xoo treatment (Supplemental  159   Table S3 ) in microarray and observed seven of these ten genes are also significantly 160 upregulated following overexpression of OsWAKL21.2 in rice (Supplemental Fig. S2D Fig. S3 ). We categorized the leaf samples into three classes based on the 171 amount of callose deposition as low (<30 deposits/leaf), medium (~30-80 deposits/leaf) or 172 high (>80 deposits/leaf) ( Fig. 3A) . Following LipA treatment, about 30-40% of the leaf 173 samples showed high callose deposition, 10-15% showed low callose deposition while the 174 rest of them (about 50%) showed a medium level of callose deposition ( Fig. 3B ). A similar 175 ratio was observed if the seedlings were previously treated with VIGS-EV ( Fig. 3C ). The 176 number of leaves showing low callose deposition significantly increased to more than 50% in 177 WAKL-RNAi lines (WRI 1-300, WRI 450-600 and WRI 1-600 correspond to the fragment of 178
OsWAKL21.2 that was used for downregulation) while there was a reduction in the leaves 179 that showed high or medium callose deposition ( Fig. 3C ). In RNAi lines, the leaves that show 180 low callose deposition following LipA treatment also showed significantly lower 181 transcript/protein level of OsWAKL21.2 which was not observed in the leaves that showed 182 high callose deposition ( Fig. 3D Similar results were observed in four different transgenic lines. In Arabidopsis, the ectopic 252 expression of OsWAKL21.2-kd showed enhanced tolerance towards Pst DC3000 and also 253 changed the expression of defence-related genes in a similar pattern as OsWAKL21.2 ( Fig.  254 6E,F). As mentioned above, this mutant did not induce immune responses in rice, indicating 255 that the kinase activity of OsWAKL21.2 is vital for the induction of immune responses in rice 256 but not in Arabidopsis. 257
GC activity of OsWAKL21.2 is required for induction of immune responses in 258

Arabidopsis but not in rice 259
Owing to the fact that the kinase-deficient mutant of OsWAKL21.2 induced immune 260 responses in Arabidopsis, we decided to investigate whether the GC activity of 261 The results in this study indicated that kinase activity of OsWAKL21.2 is required to induce 281 rice immune responses and that the GC activity is required for induction of Arabidopsis 282 immune responses. Our previous report indicated that the JA pathway is activated in rice 283 leaves after treatment with LipA (Ranjan et al., 2015) . We selected a subset of ten genes that 284 were earlier predicted to be associated with the JA pathway in rice and were found to be 285 upregulated after 12hr of LipA infiltration (Ranjan et al., 2015) . We tested the expression of 286 these 10 genes and observed that 8 out of 10 genes showed significant upregulation after 287
OsWAKL21.2 overexpression (Fig. 8A ). This indicates that overexpression of OsWAKL21.2 288 in rice enhances expression of JA pathway related genes. 289
The results above ( Fig. 4D ) suggested that expression of SA related genes was enhanced after 290 ectopic expression of OsWAKL21.2 in Arabidopsis. We further tested the expression of some 291 more SA pathway related Arabidopsis genes (AtSID2, AtCBP60g, AtSARD1, AtSH3, AtNPR3 292 and AtWRKY38) after ectopic expression of OsWAKL21.2 and observed significantly 293 enhanced expression of these genes (Fig. 8B ). In order to validate the role of the SA pathway 294 in OsWAKL21.2 induced immune responses in Arabidopsis, we made the crosses between 295
OsWAKL21.2 transgenic lines with NahG transgenic lines that do not accumulate SA 296 (Delaney et al., 1994) . Transgenic offspring lines that express both OsWAKL21.2 and NahG 297 did not show enhanced callose deposition while sister lines that expressed only OsWAKL21.2 298 showed enhanced callose deposition after treatment with estradiol ( Fig DAMPs (Kohorn, 2015) . Our study suggests that the expression of OsWAKL21.2 is enhanced 318 after treatment of rice leaves with either LipA or Xoo but not after treatment with a LipA 319 mutant of Xoo. This indicates that the increase in OsWAKL21.2 expression after Xoo 320 treatment is specifically because of the presence of LipA in Xoo. We also observed that it is a 321 membrane localized receptor kinase having in vitro kinase and GC activity. 
Bacterial cultures 433
Xoo wild type strain BXO43 (lab isolate) was used as a rice pathogen. The LipA mutant 434 (BXO2001) of Xoo (BXO43) and its complemented strain (BXO2008) was also used in this 435 study (Rajeshwari et al., 2005) . Pseudomonas syringae pv. tomato DC3000 (Pst DC3000) 436 was used as an Arabidopsis pathogen. Transient transformation in rice and floral dip of 437 Arabidopsis was performed using Agrobacterium tumefaciens strain LBA4404. E. coli BL21-438 AI was used for recombinant protein expression for biochemical assays. 439
LipA purification from Xoo culture supernatent 440
Xoo BXO2008, a LipA overproducing strain derived from BXO2001 was used for LipA 441 overproduction and purification and LipA was purified by the protocol described previously 442 
Microarray analysis 445
The leaf treatment and microarray analysis was performed as described previously (Ranjan et 446 al., 2015) . RNA was isolated from 25-30 leaves after 30min or 2hr of treatment either with 447 LipA (0.5mg/ml) or buffer. Processed data and '.cel' files were also submitted to gene 448 expression omnibus (GEO-NCBI, Acc. No. GSE53940). RMA and PLIER16 algorithms were used for analysis and probes showing significant differential expression (FC ≥ 1.5-fold and 450 p<0.05) in both analyses were considered as differentially expressed genes. 451
Vector construction and site-directed mutagenesis 452
Gateway TM cloning technology was used for cloning. OsWAKL21.2 was amplified using rice 453 cDNA and cloned into pENTR-D-TOPO (Invitrogen™). The gene was subcloned using LR 454 clonase reaction (Invitrogen TM ) Fig. S3 ). 10 days after 507 Agrobacterium treatment, the third leaf of each plant was infiltrated with LipA using a 508 needleless syringe (0.5mg/ml) (at least 40 leaves for each Agrobacterial strain). After 16hr, a 509 small piece (~1.5cm) of each leaf around the zone of infiltration was collected for callose 510 deposition while the rest of the leaf piece was stored for transcript/protein quantification. 511
Each leaf was collected separately for callose and transcript/protein quantification and 512 labelled. Callose deposition was observed as mentioned above for callose deposition assay. 513
Rest of the part of 4-5 leaves that showed either low or high callose deposition were pooled 514 and RNA/protein was isolated from those pooled leaves for qRT-PCR or Western blotting. 515
For virulence assay after downregulation of OsWAKL21.2, mid-veins of 60 days old rice 516 plants were injected with 200µl Agrobacterium containing the VIGS construct along with 517 either buffer or LipA (0.5mg/ml) (n>40). After 24hr, mid-veins of 10 leaves were collected 518 (3cm each) for OsWAKL21.2 transcript/protein quantification while remaining 20-30 leaves 519 were infected with a freshly growing colony of Xoo as mentioned earlier. Lesion length 520 caused by Xoo was measured after 10 days of infection. 521
Purification of recombinant protein and in vitro biochemical assays 522
The recombinant kinase domain of OsWAKL21.2, OsWAKL21.2 376-725 with 6X-His tag was 523 cloned, expressed and purified from E. coli BL21-AI. 50µg of purified recombinant protein 524 was used for kinase or GC assay in a 50µl reaction. The purified protein was incubated with 525 10µCi of [γ-32 P] ATP in kinase assay buffer (50mM Tris (pH 7.5), 10mM MgCl 2 , 2mM 526 MnCl 2 , 0.5mM CaCl 2 , 1mM DTT and 20mM ATP) for 1hr at room temperature (Li et al., 527 2009), run on 10% SDS-PAGE gel and gel was subsequently exposed to phosphoimager 528 screen which was later scanned in phosphoimager (Personal molecular imager, Biorad) 529 instrument. 530 GC assay was also performed from the same purified recombinant protein in GC assay buffer 531
[50mM Tris (pH 7.5), 2mM MgCl 2 , 1mM MnCl 2 , 0.5mM CaCl 2 , 0.2mM NONOate (Sigma)] 532 modified from the protocol described previously (Meier et al., 2010) . The reaction was 533 incubated at 37°C for either 1hr or 12hr. The 1hr reaction was used for quantitative analysis 534 while 12hr reactions were used for qualitative analysis. cGMP produced after 1hr was 535 quantified using cGMP enzyme immunoassay kit (Sigma-Aldrich, Cat. No-CG201) 536 according to manufacturer's protocol and the data was analyzed using online tool 537 'Elisaanalysis' (https://elisaanalysis.com/app). For qualitative analysis, the resultant product 538 was blotted on nitrocellulose membrane (Amersham, Cat No. RPN203E) and dried in the 539 laminar hood with UV on for 1hr. The nucleotides were further crosslinked to the membrane 540 by keeping in UV transilluminator for 30min. The membrane was blocked, washed and 541 further incubated with anti cGMP antibody (1:1000, Sigma-Aldrich, Cat. No-G4899) and 542 processed as mentioned in Western blot section. 543 
RNA isolation and gene expression analysis 544
Protein isolation and Western blotting 558
For Western blot the protein was isolated from 10-12 leaf pieces of rice or three leaves of 559 Arabidopsis using the protocol described previously with minor modifications (Rohila et al., 560 2006 ). 20µg of total protein was loaded in 10% SDS-PAGE gel for Western blot/Coomassie 561 brilliant blue staining. The protein was transferred to PVDF membrane (Millipore) and 562 processed for blotting. Anti OsWAKL21 376-725 antibodies were generated in the rabbit in our 563 institute animal house facility and used in dilution of 1:100. HRP tagged anti-Rabbit IgG 564 secondary antibody (Abcam) (dilution 1:50000) was used and the blot was visualized in 565 chemidoc (Vilber Lourmat). 566
Localization of OsWAKL21.2 567
The localization of OsWAKL21 The solvent was evaporated in cold vacuum centrifuge at 4°C (SCANVAC, CoolSafe). 586 cGMP was quantified in the extract using cGMP enzyme immunoassay kit (Sigma-Aldrich, 587
Cat. No-CG201) according to the manufacturer's protocol. Data were analyzed using the 588 online tool Elisaanalysis (https://elisaanalysis.com/app). 589
Analyses of publicly available transcriptome data 590
Rice microarray data performed after Xanthomonas oryzae treatment was obtained from 591 GEO, NCBI (Acc. No. GSE36272). '.cel' files were downloaded, analyzed and processed 592 using expression console (Affymetrix) using RMA based normalization. '.chp' files obtained 593 after analysis were used in TAC software (Transcriptome analysis console v3.0, Affymetrix) 594 for relative expression analysis. Genes that show FC ≥ 1.5-fold with p<0.05 were considered 595 as differentially expressed. 596
Statistical analysis 597
All experiments were independently performed at least thrice. All data represented here 598 indicate mean ± SE (standard error). The results of lesion length, callose deposition and 599 bacterial growth in CFU were analysed by one-way ANOVA (p<0.05) followed by the 600 Agrobacterium and peels were visualized after 2 days under epiflourescence microscope. The 778 experiment was repeated three times and similar results were obtained. 779 (C) Kinase assay: Kinase domain of OsWAKL21 cloned and purified from E. coli show 780 autophosphorylation activity. 50μg of affinity purified recombinant protein was used for 781 assay with or without radiolabelled ATP. After 1hr, denatured sample was loaded on 10% 782
SDS-PAGE gel. The gel was further subjected to autoradiography and CBB staining. The 783 experiment was repeated three times and similar results were obtained. 784 (D) GC assay: 50μg (in 50 μ l) of affinity purified recombinant protein was used for GC assay 785 with or without GTP. After 1hr, 5 μ l of the sample was directly used for cGMP 786 quantification. Only GTP and GC buffer + GTP were used as controls. Each bar indicate 787 average and error bar represents SE of three independent experiments. Small letters (a and b) 788 above the bars indicate significant difference with p<0.05. 789 790 OsWAKL21.2 responsive genes in transgenic Arabidopsis lines. Expression in 0.1% DMSO 818 treated leaves was considered as 1 and relative expression in 20µM estradiol treated leaves 819 was calculated with respect to it. Each bar represents average fold change and error bars 820 indicate SE in three independent experiments (n=3 in each experiment). 821
In C and F, OsActin1 and AtActin2 were used respectively as internal control for qRT-PCR. 822
The relative fold change was calculated by using 2 -∆∆Ct method. Similar results were obtained 823 in three different experiments in A, B, D and E. If the significant difference was observed, 824 asterisk (*) represents significant difference with p<0.05 with respect to uninduced condition. 825 
